Of the many genetic mutations known to increase the risk of autism spectrum disorder, a large proportion cluster upon synaptic proteins. One such family of presynaptic proteins are the neurexins (NRXN), and recent genetic and mouse evidence has suggested a causative role for NRXN2 in generating altered social behaviours. Autism has been conceptualised as a disorder of atypical inter-regional connectivity, yet how single-gene mutations affect such connectivity remains under-explored. For the first time, we have developed a within-subject, quantitative analysis of white matter microstructure and connectivity leveraging diffusion tensor MRI (DTI) with high-resolution 3D imaging in optically cleared (CLARITY) brain tissue in the same mouse, applied here to the Nrxn2α knockout (KO) model. DTI revealed decreases in fractional anisotropy and increases in apparent diffusion coefficient in the amygdala (including the basolateral nuclei), the anterior cingulate cortex, the orbitofrontal cortex and the hippocampus. Radial diffusivity of the anterior cingulate cortex and orbitofrontal cortex was significantly increased in Nrxn2α KO mice, as were tracts between the amygdala and the orbitofrontal cortex.
Introduction
Autism is a highly heritable, common neurodevelopmental disorder. Although genetic studies have identified hundreds of implicated risk genes 1, 2 , it is now clear that many of these cluster upon proteins relating to synaptic signaling 3 .
A family of presynaptic proteins garnering recent interest have been the neurexins (NRXNs). NRXNs are encoded by four genes (NRXN1, NRXN2, NRXN3, NRXN4), of which two major isoforms exist: the longer α proteins with six laminin/neurexin/sex hormone (LNS) binding domains, and the shorter β proteins with one LNS binding domain 4 .
Mutations within all three NRXN genes have been linked to autism 3 .
Heterozygous deletions within NRXN2 have been identified in a number of individuals with autistic phenotypes. These include an autistic boy and his father (who had severe language delay but not autism) who both had a frameshift mutation within exon 12 of NRXN2 5 ; a 570-kb de novo deletion of 24 genes at chromosome 11q13.1, including NRXN2, in a 21-year old man displaying a clinical phenotype including autistic traits 6 ; and a 1.6Mb deletion at chromosome region 11q12.3-11q13.1, including NRXN2, in a 23-year old man with intellectual disability and behavioral problems 7 . Recent reports have furthered the evidence base for NRXN2 in autism relevant behaviours. These include a de novo frameshift mutation identified in a Chinese man with autism spectrum disorder (ASD) 8 , a 921 kb microdeletion at 11q13 in a 2 year old boy who had language and developmental delay (although did not meet the autism diagnosis criteria) 9 and a paternally inherited microRNA miR-873-5p variant in an ASD individual which altered binding affinity for several riskgenes including NRXN2 and CNTNAP2 (NRXN4) 10 . Furthermore, a recent study has employed machine learning approaches across 5000 ASD families to rank the importance of ASD candidate genes, from which NRXN2 was ranked 113 th11 (note that NRXN1, for which the evidence base for its links to ASD is broader, ranks 45). Together, although mutations within NRXN2 are rare, a clear significance for NRXN2 in the genesis of ASD is emerging.
Consistent with these association studies, we and others have previously found that homozygous or heterozygous deletion of Nrxn2a induces impairment in social approach and social recognition [12] [13] [14] .
Currently it is unknown whether deletion of Nrxn2a changes the brain's microstructure and connectivity. One previous study found coarse alterations to cell layer thickness within the hippocampus of Nrxn2a homozygous KOs 15 .
However, cell density measurements are unlikely to reveal the true extent of changes within the autistic brain. Within the current study, we have addressed this by developing a dual imaging approach (DTI-plus-CLARITY) that quantifies the alignment and density of white matter, applied here to the social brain in a mouse model of autism. 
Data Acquisition
Image acquisition has been described elsewhere 21 . Each brain was 3D imaged using the protocol TE: 35 ms, TR: 700 ms and 10 signal averages.
The field of view was set at 128 x 128 x 128, with a cubic resolution of 100 μm/pixel and a b value of 1200 s/mm 2 . Further details can be found in Supplemental Materials.
Regions of Interest
Our DTI approach was to undertake an a posteriori analysis of neural organization in regions of interest (ROIs) identified by previous literature as socially-relevant (see Supplemental Materials). We identified a canonical coronal slice (100 μm) for a given ROI from the standard mouse brain atlas ( Figure 1A -D) 22 . We analysed three coronal slices centred on the canonical slice, totalling 300 μm in anterior/posterior extent. Cleared samples were imaged using a Zeiss 7MP multiphoton microscope at 770nm using a 20x objective lens (W Plan-Apochromat, NA 1.0, WD 1.7mm).
CLARITY
Images (512 x 512 x 512 voxels or 265 x 265 x 265 µm with an isotropic resolution of 520 nm) were acquired in ACC, basolateral (BLA) and basomedial amygdala and OFC) in both hemispheres. DAPI and neurofilament signal was segmented into cell nuclei and axons, and the resulting binary images were used to generate values for cell density, axonal density and axonal alignment.
Full CLARITY methodological details are available within Supplemental Materials.
Data Analysis
All data are expressed as mean ± standard error of the mean (SEM). To assess differences between genotypes within a single brain structure across hemispheres (given the importance of hemispheric differences in ASD 24 ), data was analyzed by repeated measures two-way ANOVAs, with Sidak multiple corrections employed on post hoc testing, or unpaired T-tests. To correct for multiple comparisons, we employed the Benjamini-Hochberg Procedure (corrected P values stated). Non-significant statistical results, particularly hemisphere comparisons, can be found in Supplemental Materials. Statistical testing and graphs were made using GraphPad Prism version 6.
Results

Nrxn2a deletion disrupts DTI measures of microstructure in social brain regions
To assess whether Nrxn2α deletion alters gross morphology, we quantified whole brain volume using DTI. We found total brain volume for wild-types and FA values in the anterior, mid and posterior hippocampus were not significantly altered (see Supp. Table 1 for statistics and Supp. Figure 4A -C).
Similarly, ADC was unaltered for the anterior and mid hippocampus (Supp. Figure 5F ) but not in anterior and mid regions (see Supp. Table 1 ; Supp. Figure 5D -E). In summary, the microstructural measures most altered by Nrxn2a deletion were increases in ADC and RD, and both these alterations occurred in the posterior hippocampus, in line with recent work suggesting a role for ventral hippocampus in social memory 26 .
DTI tractography reveals Nrxn2a deletion affects connectivity between the amygdala and orbitofrontal cortex
The amygdala is strongly and bidirectionally connected to both the hippocampus 27 and the OFC 28 . As all three regions are themselves important for social behaviour, and autism is thought to be related to abnormal connectivity 19 , we performed tractography analysis between the amygdala (and specifically the BLA) and the hippocampus, and between the amygdala and the OFC.
From the anterior amygdala, we examined the diffusivity (AD and RD) of connections to the anterior and posterior hippocampus (Supp. Figure 6 ). We did not observe differences in RD for amygdala to hippocampal connections (see Supp. Table 2 To further explore the differences as revealed by DTI, we performed CLARITY on the same brain tissue used in DTI, and stained with neurofilament and DAPI to label axons and cell bodies, respectively. We were then able to derive both the axonal alignment (as in, the geometric alignment of axons (from linear alignment to random) within 3D space (see Supp. Figure 2) ) and density of the stained fibers, in addition to the cell density.
The pattern of results was broadly similar for both the prefrontal cortical ROIs.
That is, first, axonal alignment was increased in Nrxn2a KO mice in the ACC We further examined two regions of the anterior amygdala, the BLA and basomedial (BMA) nuclei, where altered social cellular responses have been reported in human autism 31 . We did not observe any significant differences for axonal alignment or fibre density in the BLA (see Supp. To confirm the specificity of these alterations, we examined three further brain regions; the primary motor cortex (M1; Supp. Figure 7D-F) , the primary somatosensory cortex (S1; Supp. Figure 7H -J) and the barrel field (BF; Supp.
Figure 7K-M). Although there were differences between the hemispheres, there were no statistical differences between the genotypes or genotype x hemisphere interactions for any measure (Supp. Table 3 ).
In summary, in both the prefrontal ROIs, namely the OFC, and the ACC, DTI
showed that ADC and RD were increased in Nrxn2a KO mice, likely related to complementary analysis from CLARITY showing that axonal alignment was altered in Nrxn2a KO mice in both prefrontal ROIs.
Discussion
The Nrxn2α deletion captures many of the key aspects of human ASD. In terms of behaviour, three studies have now found social deficits associated with Nrxn2α KO, and in terms of brain structure, as summarised below, the Nrxn2α KO mouse model shows similar altered connectivity patterns in 'social brain' regions.
A DTI approach has been used for some time to explore neuropathological markers in autistic patients; alterations in myelination, axonal abundance, size and orientation all modify FA and ADC values 16, 32 , specifically by reducing amygdala FA 18, 32 , and have been used as a quantitative measure of changes to brain white matter integrity 18, 19 . Increased cortical ADC typically indexes reduced functionality: e.g. increased hippocampal ADC is associated with mild cognitive impairment 33, 34 and predicts verbal and visuospatial memory in old healthy controls 35 . Furthermore, both increased RD of various white matter tracts 36, 37 and increased whole-brain AD 37 have been observed in ASD. The
Nrxn2α KO mouse encapsulates many of these specific changes, including reduced FA and increases in ADC, AD and RD. Whole brain ADC, AD and RD but not FA were increased in ASD children, as was ADC and RD in frontal cortex tracts 37 . This is in agreement with other studies noting frontal ADC increases but not for FA 32 . Likewise, FA was reduced in the amygdala in ASD children and adolescents 38 , and remarkably, right-sided lateralisation of amygdala/hippocampal connections has been noted in high-functioning adolescents/adults with autism 39 . Although the murine brain shows limited lateralisation, there is evidence from honeybees that alterations in sensory input can result in lateralisation, particularly affecting neurexin and neuroligin expression in the right brain 40 . Further examples relating to ASD models also exist. Lateralised gene expression found in wild-types (e.g. GAP43 and
PKCβ) was abolished in prenatal zinc deficient mice, a model that exhibits autism-like behaviours 41 . Although within the current study we cannot explain the differences in hemispheric connections, future work will further explore these mechanisms. . Indeed, in earlier studies, it was suggested that deletion of all Nrxns was unlikely to affect synaptic development but instead disrupts synaptic function 42 . We propose that coarse measures such as twodimensional cell counting may be underestimating the impact of genetic mutations upon normal development. By staining cleared brain tissue with a nuclear marker and performing automated three-dimensional cell counting, we found no effect of Nrxn2α deletion on cell density in any region of interest examined. But this belies the clear effects upon microstructure integrity across multiple regions as measured by both DTI and CLARITY, and its specificity;
only social brain regions and not primary sensory or motor regions were disrupted. Future studies will benefit from employing more sensitive measures of brain structure and connectivity to determine the relevance of genetic mutations in development.
FA and ADC can be influenced by changes in axonal density and alignment (e.g. by myelination, demyelination, axonal damage, loss of white matter coherence 43 ). It is likely that the axonal alignment metric used to quantify CLARITY more closely reflects the ADC measure of DTI, given that ADC (or mean diffusivity) equally weights diffusion across all eigenvectors and does not bias the primary eigenvector as FA does. Thus, it is likely that alterations in the properties of axons in Nrxn2α KO mice are driving these changes in FA and ADC. Given we mostly see differences in RD, thought to reflect tract branching and myelination (as it measures λ2 and λ3), it is possible that the orientation in the perpendicular not parallel orientation of fibres is mostly affected. Given the differences in the amygdala, OFC and ACC, it is possible that even though neuronal densities are similar in the Nrxn2α KO brain, it is the connections between neurones and brain regions that are perturbed. This would be consistent with the idea that connectivity disruption may represent a core feature of autism 44 . A broader question is how does the loss of Nrxn2α account for changes in axonal organisation? Ultimately, this question requires further studies. Others have shown that in Nrxn2α KO mice, excitatory transmitter release is reduced, as is short-term plasticity 13 . Reduced glutamatergic release, even at a relatively long range to the synapse, can change the complexity of dendritic arbors 45 . As this is a gene deletion model, it is conceivable that altered glutamatergic signalling during early development impairs appropriate synapse maturation, leading to the structural changes we see herein. Further, how or whether these structural changes fully explain the social impairments of Nrxn2α KO mice would require new studies.
Conceivably, inducible knock-down of Nrxn2 (by inducible knockout, siRNA, optogenetics etc) within a specific brain region would provide evidence that social abnormalities are being driven by Nrxn2 loss. However, developmentally-dependent altered connectivity would be harder to definitively manipulate to explain social behaviours.
Here we have developed a new application of CLARITY to quantitatively investigate disease models by combining DTI with high resolution 3D imaging and automated analysis of axonal fibres in a within subject study. Inevitably, there are some technical limitations that will require future refinement as this technology matures.
First, while we used CLARITY and immunolabelling to identify axons, we cannot know whether axon-related changes alone reflects all the changes we observed for our DTI measures. Second, whilst we can segment entire brain regions for DTI analysis, it was not practical to image larger brain areas at the necessary resolution. While it is theoretically possible that we may bias sampling of each brain region by picking ROIs for multiphoton imaging, this was done using atlas-defined coordinates and by an experimenter blind to the DTI results, so minimising any bias. However, within the current study, we were only able to apply the CLARITY approach to the amygdala, OFC and ACC. It was not practical to apply this methodology to the hippocampus, due to its extremely heterogeneous structure. The small cubic ROIs could not be reproducibly positioned, and larger ROIs to average across larger areas of the hippocampus were not possible. Although imaging of fibre tracts in large volumes of cleared tissue is possible 46 , fluorescent labelling limitations make it impractical for a study of this nature. Despite this, as the adoption of the CLARITY technique increases, we hope that the use of DTI and CLARITY to study connectivity across spatial scales will become commonplace.
As yet, no one DTI protocol has emerged as the standard for in vivo or ex vivo imaging. Indeed, there has been debate regarding the best number of diffusion gradients to use, among other parameters 47 . Whilst some claim a minimum of 30 directions are required to estimate anisotropy 47 , others claim that the benefits of using more than 6 are limited [48] [49] [50] [51] . A limitation of these studies is that they have not followed up using anatomical staining. Our study provides further evidence against the notion that more directions are necessarily better. Where we found DTI differences, these were corroborated by the quantification of CLARITY.
Last, our study used male NRXN2α knockout mice. Born et al (2015) has suggested that sex differences are evident in the expression of social deficits, with females but not males exhibiting social deficits 13 . In our own studies, . Clinically, there is clear evidence that ASD-relevant NRXN2 mutations affect males 5, 6 . Further behavioural studies in Nrxn2α knockout mice are required to determine whether sex differences are replicable and how these may then extend to mechanistic studies.
In summary, our combined use of DTI-plus-CLARITY has revealed changes in microstructure and connectivity of the social brain that was previously inconceivable using classical experimental approaches. We envisage this approach will deliver a new level of detail in the connectivity hypothesis of autism. 
